To determine whether endothelial Akt could affect vascular lesion formation, mutant mice with a constitutively active Akt transgene, which could be inducibly targeted to the vascular endothelium using the tet-off system (EC-Akt Tg mice), were generated. After withdrawal of doxycycline, EC-Akt Tg mice demonstrated increased endothelial-specific Akt activity and NO production. After blood flow cessation caused by carotid artery ligation, neointimal formation was attenuated in induced EC-Akt Tg mice compared with noninduced EC-Akt Tg mice and control littermates. To determine the role of eNOS in mediating these effects, mice were treated with N w -nitro-L-arginine methyl ester (L-NAME). Neointimal formation was attenuated to a lesser extent in induced EC-Akt Tg mice treated with L-NAME, suggesting that some of the vascular protective effects were NO independent. Indeed, endothelial activation of Akt resulted in less EC apoptosis in ligated arteries. Immunostaining demonstrated decreased inflammatory and proliferative changes in induced EC-Akt Tg mice after vascular injury. These findings indicate that endothelial activation of Akt suppresses lesion formation via increased NO production, preservation of functional endothelial layer, and suppression of inflammatory and proliferative changes in the vascular wall. These results suggest that enhancing endothelial Akt activity alone could have therapeutic benefits after vascular injury.
Introduction
The endothelium plays an important role in regulating vascular integrity. Under normal conditions, the vascular endothelium secretes a variety of vasoactive substances including NO and prostacyclin, which protect the vascular wall against vasoconstriction, inflammatory and proliferative changes, and thrombus formation (1, 2) . Recent studies suggest that impairment of endothelial function, as observed in the presence of cardiovascular risk factors, is not only a marker but also contributes to the pathogenesis of cardiovascular disease. Thus, improving endothelial function is an important therapeutic target for reducing vascular diseases such as arteriosclerosis and atherosclerosis (3, 4) .
Numerous signaling pathways in ECs, such as those involving G protein-coupled receptors, MAPKs, protein kinase B/Akt, and small G proteins, contribute to endothelial function. In particular, intracellular signaling pathways mediated by protein kinase Akt are involved in the regulation of cell survival, proliferation, migration, glucose metabolism, and gene expression (5, 6) . In ECs and possibly endothelial progenitor cells (EPCs), a variety of growth factors, such as VEGF and insulin; HMG-CoA reductase inhibitors, or statins; and fluid shear stress activate the Akt pathway in a PI3K-dependent manner (6) . The activation of Akt leads to the phosphorylation and activation of eNOS and increased production of NO (6) (7) (8) . Other downstream targets of Akt, such as glycogen synthase kinase-3 (GSK-3) (9), the Forkhead in rhabdomyosarcoma (FKHR) family of transcriptional factors (10) , and BAD (11) , regulate cellular metabolism and survival of ECs in response to growth factors. Thus, it is likely that the endothelial Akt pathway is critically involved in many biological aspects of the vascular wall (6) . Indeed, Akt signaling plays an important role in the proliferation and migration of ECs, both of which may contribute to some of its proangiogenic effects (6, (12) (13) (14) . However, it is not known whether activation of Akt in the endothelium alone could alter the process of lesion formation in the vascular wall after injury.
Given that Akt is important in endothelial function and survival, we hypothesized that endothelial-specific activation of Akt signaling may be protective against pathological processes associated with endothelial dysfunction. To test this hypothesis, we generated Tg mice that express a constitutively active mutant form of Akt, which can be targeted specifically and inducibly to ECs (EC-Akt Tg mice) (15) . This was accomplished using the vascular endothelial cadherin (VE-cadherin) promoter (VE-cadherin-tTA) coupled to the tetracycline-controlled gene expression (tet-myrAkt) system (tet-off system) (16, 17) . Here we show that in EC-Akt Tg mice, the increase in Akt activity in the endothelium alone protects the vascular wall from inflammatory and proliferative changes following vascular injury.
Results
Endothelial-specific expression of constitutively active Akt in EC-Akt Tg mice. The expression of constitutively active, myristoylated Akt1 (myrAkt) was confirmed by detection of the HA tag in primary EC cultures isolated from EC-Akt Tg mice ( Figure 1A ). For gene induction, doxycycline was removed from the culture medium for 2 days. The phosphorylation of both Akt and its major substrates GSK-3 and eNOS was increased in ECs with gene induction ( Figure 1A ). Endothelial expression of the HA tag could also be detected in vivo by immunostaining of the carotid artery from EC-Akt Tg mice after gene induction ( Figure 1B) . As a control for endothelial specificity, phosphorylation of Akt was not different in the aortae of WT and EC-Akt Tg mice and was not increased following gene induction in aortic SMCs isolated from EC-Akt Tg mice ( Figure 1C ). For in vivo gene induction, withdrawal of doxycycline for 3 days from the drinking water was sufficient. Compared with WT mice given a similar protocol with doxycycline, the mean systolic blood pressure (mmHg) in EC-Akt Tg mice as measured by tail-cuff method 4 weeks after gene induction was not different (126.3 ± 3 mmHg in WT mice and 125.8 ± 3 mmHg in EC-Akt Tg mice, n = 10 in each group, P = 0.882). The systolic blood pressure of noninduced EC-Akt Tg mice (i.e., no doxycycline withdrawal) was similar to that of WT mice.
Endothelial NO production in EC-Akt Tg mice. To determine the levels of endothelial NO production in EC-Akt Tg mice, we measured NO 2 accumulation in the conditioned media in primary EC cultures isolated from EC-Akt Tg mice. NO 2 accumulation was significantly enhanced in ECs from EC-Akt Tg mice with gene induction compared with those without gene induction (Figure 2A ). To further determine NO bioactivity in a tissue level, we performed isometric tension recordings in aorta isolated from EC-Akt Tg mice after gene induction. Endothelial-dependent contractions in response to a NOS inhibitor, N ω -nitro-l-arginine methyl ester (l-NAME), which indicates the basal level of endothelial NO release, were higher in induced EC-Akt Tg mice compared with noninduced or WT mice. These findings indicate that endothelialspecific activation of Akt leads to increased production and bioactivity of NO in vascular tissues.
Endothelial-specific Akt activation attenuates neointimal formation following injury. To investigate the effect of endothelial-specific activation of Akt on vascular lesion formation, we used a mouse carotid artery ligation model as a model for non-endotheliumdenuding neointimal formation (18) . The endothelium has been shown to play a significant role in the development of vascular lesions in this model (18, 19) . Furthermore, lesion formation in this model is dependent on alteration of fluid shear stress (18) , which is a major physiological activator of endothelial Akt signaling and eNOS (20, 21) .
Neointimal formation with an accompanying decrease in luminal area was observed in WT mice, single-Tg mice (i.e., tet-myrAkt), and noninduced EC-Akt Tg mice at 4 weeks after carotid artery ligation ( Figures 3A and 4 ). The extent of neointimal formation 
Figure 2
Endothelial NO production and bioactivity in EC-Akt Tg mice. (A) NO production in MLECs from induced EC-Akt Tg mice. Nitrite (NO2) was measured in ECs under serum-starved conditions with or without myrAkt transgene induction. Results are expressed as mean ± SEM. n = 8 in each group. **P < 0.01 versus cells without gene induction. (B) Force measurement in isolated mouse aorta. Endothelial-dependent contractions in response to l-NAME were determined. Results are expressed as mean ± SEM. n = 6 in each group. *P < 0.05 versus WT. was comparable among these 3 control groups. The predominant cellular component of the neointima was VSMCs, as determined by robust positive staining for α-SMA (data not shown). In contrast, in induced EC-Akt Tg mice, neointima formation as determined by intimal area and intima/media ratio was inhibited (Figures 3A and 4) . This corresponded with improvement in luminal area of induced EC-Akt Tg mice compared with control mice. However, the media and total vascular areas were not different between the animal groups after carotid artery ligation. These results indicate that endothelialspecific activation of Akt attenuates lesion formation following blood flow cessation.
Role of NO in vascular lesion formation. To determine the potential role of endothelium-derived NO in mediating the decreased vascular lesion formation observed in EC-Akt Tg mice, we performed carotid ligation in EC-Akt Tg mice treated with the NOS inhibitor l-NAME (1 mg/ml in drinking water). Treatment with l-NAME increased blood pressure to a similar extent in WT and induced EC-Akt Tg mice (data not shown). Although treatment with l-NAME also increased neointima formation in both WT and induced EC-Akt Tg mice, the extent of neointima formation with l-NAME treatment was considerably less in induced EC-Akt Tg mice compared with that in WT mice ( Figures 3B and 4) . These results suggest that endothelium-derived NO contributes to some, but not all, of the decreased vascular lesion formation observed in induced EC-Akt Tg mice.
Prevention of EC apoptosis in EC-Akt Tg mice. Physiological shear stress promotes EC survival through activation of Akt (20) . In our carotid ligation model, it is likely that the cessation of blood flow leads to a decrease in Akt activity and EC survival. To determine whether the activation or preservation of Akt signaling could promote EC survival despite decreases in laminar shear stress, we measured the expression of cleaved (activated) caspase-3, which is regulated by Akt and is an indicator of the apoptotic process, in noninduced and induced EC-Akt Tg mice (22, 23) . In mouse lung ECs (MLECs) isolated from these EC-Akt Tg mice, apoptosis was induced by serum starvation as exhibited by the increased expression of cleaved caspase-3 ( Figure 5A ). Many cells with cleaved caspase-3 expression showed shrinkage of nuclei, a typical change seen in apoptotic cells. In contrast to MLECs from noninduced EC-Akt Tg mice, the expression of cleaved caspase-3 after serum starvation was substantially attenuated in MLECs derived from induced EC-Akt Tg mice ( Figure 5A ). Similar findings were also seen in ECs isolated from aortae of EC-Akt Tg mice ( Figure 5B ), suggesting that increased Akt activity by the transgene confers similar survival benefits to ECs from different vascular beds. These findings correlated with Western blotting analysis showing decreased expression of cleaved caspase-3 in ECs from induced EC-Akt Tg mice ( Figure 5A ). These results indicate that the activation of Akt signaling in induced EC-Akt Tg mice is sufficient to prevent apoptotic cell death of ECs.
Figure 3
Photomicrographs of ligated mouse carotid arteries. (A) Photomicrographs of carotid arteries 4 weeks after ligation (H&E staining) in WT, single-Tg (tet-myrAkt), noninduced EC-Akt Tg, and induced EC-Akt Tg mice. Arrowheads indicate internal elastic lamina. (B) Photomicrographs of H&E staining of carotid arteries 4 weeks after ligation in WT and induced EC-Akt Tg mice treated with l-NAME. Scale bars: 100 mm.
Figure 4
Quantitative analysis of vascular lesions in ligated carotid arteries. Results are expressed as mean ± SEM. Number of animals in each group is as indicated. **P < 0.01 versus WT, single-Tg, and noninduced EC-Akt Tg. † P < 0.05 versus WT, single-Tg, and noninduced EC-Akt Tg. # P < 0.05 versus WT + l-NAME. § P < 0.05 versus EC-Akt Tg.
Immunostaining of ligated carotid arteries showed that the expression of cleaved caspase-3 was substantially less in induced EC-Akt Tg mice compared with WT mice ( Figure 6 , A and B). Using TUNEL staining as another indicator of apoptotic cells (22), we found fewer TUNEL-positive ECs in induced EC-Akt Tg mice compared with WT mice (Figure 7 , A and B). Staining for platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31), a constitutively expressed EC adhesion molecule (24), in the same sections used for cleaved caspase-3 or TUNEL staining (double staining) showed an irregular endothelial layer in WT mice after ligation, suggesting loss of ECs. In contrast, the integrity of the endothelial layer appeared to be preserved in induced EC-Akt Tg mice ( Figures  6 and 7) . These findings indicate that endothelial-specific activation of Akt promotes EC survival leading to preservation of intact endothelial layer after blood flow cessation.
Functional analysis of endothelial layer. The functional integrity of the endothelial layer was examined in ligated carotid arteries. Evans blue dye permeates into the vascular wall of conduit arteries when the endothelium is injured or denuded (25, 26) . Thus, incorporation of Evans blue dye in the vessel could be a useful marker of endothelial integrity. However, the degree of Evans blue staining of the vessel wall may also be dependent on the level of blood flow, endothelial permeability, and vascular inflammation and, therefore, may not correlate entirely with endothelial integrity. Nevertheless, a week after carotid artery ligation, incorporation of Evans blue dye was observed in the vascular wall in WT mice, suggesting the presence of dysfunctional or detached endothelium. In contrast, incorporation of Evans blue dye was reduced in induced EC-Akt Tg mice ( Figure 8 ). These findings suggest that the endothelial monolayer in induced EC-Akt Tg mice may be functionally more intact compared with that in WT mice after injury.
Inflammatory and proliferative changes in the vascular wall. An important initial step in vascular lesion formation is leukocyte recruitment to the vascular wall (27, 28) . One week after carotid artery ligation, leukocyte accumulation was observed using an antibody against CD45 antigen. CD45-positive cells were detected in the vascular wall of WT mice and, to a much lesser extent, in the vascular wall of induced EC-Akt Tg mice ( Figure 9 , A and B). Using neutrophiland macrophage-specific antibodies, most of these leukocytes were found to be neutrophils, with some macrophages (data not shown). Similarly, the expression of ICAM-1 and VCAM-1 was increased in the endothelial layer in WT but not induced EC-Akt Tg mice after ligation ( Figure 9A ). These results indicate that endothelial-specific activation of Akt suppresses the expression of adhesion molecules and attenuates subsequent inflammatory changes in the vascular wall. These changes correlated with increased cellular proliferation in the vascular wall of WT mice and, to a lesser extent, in the vascular wall of induced EC-Akt Tg mice as determined by proliferating cell nuclear antigen (PCNA) staining ( Figure 9 , A and B).
Discussion
We have shown that inducible endothelial-specific activation of Akt signaling attenuates lesion formation and neointimal hyperplasia following non-endothelium-denuding vascular injury. These effects of Akt were associated with increased NO production, preservation of the endothelial layer, and subsequent suppression of inflammatory and proliferative changes in the vascular wall. These findings support our hypothesis that enhancement of endothelial Akt signaling alone protects the entire vascular wall under pathological conditions.
Recent studies suggest that the impairment of endothelial function is an important initial step in the pathogenesis of cardiovascular diseases. Consequently, the vascular endothelium has been regarded as a potential therapeutic target for pathological processes in the vascular wall (1-4, 27, 28) . Indeed, current therapeutic strategies such as statins and angiotensinconverting enzyme inhibitors may be beneficial, because they also improve endothelial function (29, 30) . However, it is not known whether the modulation of endothelial function alone can influence lesion formation following vascular injury (4, 19, 31). For example, increased Akt activity in VSMCs promotes vas-cular hypertrophy following balloon injury (32) . In this regard, our results are somewhat unexpected in that modulation of endothelial function alone through enhancement of endothelial Akt signaling could have such a dramatic suppressive effect on vascular lesion formation.
VEGF, which acts as an EC-specific mitogen, has potent vascular-protective effects in vivo (33, 34) . The beneficial effects of VEGF, in part, may be mediated by endothelial Akt signaling, since VEGF is a potent activator of this pathway (6) . Statins are also able to activate the Akt pathway in ECs and EPCs (12, 35) . It is possible, therefore, that some of the beneficial cholesterol-independent or pleiotropic effects of statins, such as their angiogenesis-promoting effects, could be due to the activation of Akt in ECs and EPCs. Other extracellular stimuli that activate endothelial Akt signaling, such as angiopoietin (6, 36) and adrenomedullin (37, 38) , have been shown to be vascular protective, although the significance of endothelial Akt in their biological actions remains to be determined.
Akt phosphorylates and activates eNOS, resulting in increased endothelial NO production independent from the conventional calcium/calmodulin-dependent activation of eNOS (7, 8) . We found that endothelial NO production is increased in primary EC cultures as well as in aortic segments isolated from EC-Akt Tg mice. These results are consistent with previous in vitro studies using the vector-mediated overexpression of constitutively active Akt (7, 8, 39) . Interestingly, in our model of neointimal hyperplasia, chronic inhibition of NOS with l-NAME exacerbated the proliferative response in EC-Akt Tg mice, albeit to a lesser extent compared with that in WT mice, indicating that NO-dependent and -independent endothelial mechanisms play an important role in the vascular-protective effects observed in EC-Akt Tg mice. Akt functions as an important survival kinase in various cell types (5, 6) , and previous studies have shown that physiological shear stress promotes EC survival through Akt signaling in vitro (20) . Furthermore, lesion development in the vascular wall is associated with increased EC apoptosis and turnover that is induced by locally disturbed blood flow (40, 41) . Thus, the findings from these studies suggest that vascular lesion formation may be more prominent in areas of decreased Akt signaling and increased EC apoptosis due to alteration of blood flow. Indeed, we found greater EC apoptosis in the ligated arteries from control mice compared with those from induced EC-Akt Tg mice, suggesting that preserved endothelial layer in these mice may protect against vascular lesion development.
To further examine the function of the endothelial layer, we applied Evans blue dye, which permeates through damaged endothelial layer (25, 26) . Although incorporation of Evans blue dye in the vessel wall could be used to approximate decreased endothelial integrity, other factors such as regional blood flow, endothelial permeability, and inflammatory processes could alter the degree of Evans blue staining. Nevertheless, we observed reduced incorporation of the dye in the ligated vessels of induced EC-Akt Tg mice. These findings correlated with the degree of apoptosis and immunostaining for PECAM-1 and suggest that endothelial integrity and/or barrier function is preserved in induced EC-Akt Tg mice, most likely through improved EC survival and possibly re-endothelialization. Despite re-endothelialization following vascular injury, regenerated ECs appear somewhat dysfunctional (42) (43) (44) . Thus, inhibition of EC apoptosis would be more favorable to preserving endothelial function than re-endo-thelialization. EC survival is also regulated by downstream targets of Akt, such as GSK-3, BAD, and the FKHR family of transcriptional factors (6, (9) (10) (11) , and NO derived from eNOS (45) . Thus, all of these downstream targets of Akt in addition to eNOS were probably involved in the preservation of the endothelial layer and subsequent vascular protection in EC-Akt Tg mice. Indeed, the NO-independent mechanisms were evident in studies with mice treated with l-NAME. Taken together, these results indicate that a preserved and more functionally intact endothelial layer is associated with decreased vascular lesion formation.
An intact endothelium has antiinflammatory and antiproliferative effects on the vascular wall, which are important for vascular homeostasis. The development of vascular lesions is preceded by inflammatory and proliferative changes that are associated with endothelial dysfunction (1, 2, 27, 28) . We found that the expression of endothelial adhesion molecules and the subsequent accumulation of leukocytes in the vascular wall were attenuated in induced EC-Akt Tg mice. These results are consistent with a previous study showing that activation of Akt suppresses adhesion molecule expression in vitro (46) . The increased production of NO by the Akt induction probably plays an important role in the suppression of inflammatory changes, since NO negatively regulates the expression of adhesion molecules (27, 47) . The Akt-mediated preservation of endothelial integrity could also be directly associated with decreased vascular inflammation, since leukocytes may be recruited from the site with endothelial loss by interacting with subendothelial ECMs and smooth muscle cells (48, 49) . It should be noted that impairment of endothelial integrity directly exposes the vascular cells to circulating growth factors and cytokines. Taken together, these findings suggest that activation of Akt in the endothelium alone has profound protective effects on the entire vasculature through multiple mechanisms including increased NO production, promotion of EC survival and endothelial integrity, and subsequent suppression of vascular inflammatory and proliferative changes.
Recently, numerous studies have suggested that bone marrow-derived EPCs contribute to neovascularization and vessel repair (50) . EPCs participate in re-endothelialization following balloon injury (51). Thus, it is possible that EPCs could be playing a role in our model of vascular injury. However, the possibility of increased Akt activity in EPCs in induced EC-Akt Tg mice appears to be relatively small, since VE-cadherin, an endothelial marker after differentiation, is not expressed abundantly in EPC populations (50, 52) . Nevertheless, modulating Akt activity in endothelial stem/progenitor cells could be an effective therapeutic strategy for vascular repair, as suggested in previous studies (35, 53) .
In summary, we have shown that inducible endothelial-specific activation of Akt is sufficient to protect the entire vascular wall after blood flow cessation injury. Since endothelial Akt plays an important role in endothelial function, this pathway may provide a wide spectrum of therapeutic potential in atherosclerotic and ischemic cardiovascular diseases.
Methods
Tg mice. All animal experiments were conducted in accordance with approved animal research protocols at Harvard Medical School. For conditional activation of Akt signaling in transgenic mice, we used the tetracycline-controlled gene expression system (tet-off system) where the transgene expression is induced in a tissue-specific manner by 2 transgenes, one for tetracycline-controlled transcriptional activator (tTA) and the other for a gene of interest (16) . The tTA gene is driven by the VE-cadherin promoter, which results in endothelial-specific gene expression (54). The transgene for constitutively active, myristoylated Akt1 (myrAkt) is driven by the promoter provided with a modified tetracycline-responsive element (tet promoter) (17) . Double-Tg mice (EC-Akt Tg mice) were obtained by cross-breeding of VE-cadherin-tTA mice with tet-myrAkt mice (15) . The construct for the myrAkt transgene included an HA tag for detection of gene expression. Genotyping of the animals for either transgene was performed as previously described (15) . To prevent myrAkt expression in EC-Akt Tg mice, doxycycline (0.5 mg/ml/d, orally) in the drinking water was given to pregnant or lactating females, and then to their litters after completion of the lactating period until the appropriate time point for gene induction (doxycycline withdrawal). EC-Akt Tg mice were normal in growth and activity compared with WT or single-Tg mice. For gene induction, doxycycline was withdrawn from the drinking water 3 days before the experiment (15) . Some control animals (WT and single-Tg mice) underwent the same protocol for doxycycline administration and withdrawal as the EC-Akt Tg mice did, to exclude possible effects of doxycycline treatment. For all animal experiments, littermates were used as control animals. Systolic blood pressure was measured in the mice by tail-cuff plethysmography at the indicated time points. All of the mice were maintained in the Harvard Medical School animal facilities. The Standing Committee on Animals at Harvard Medical School approved all protocols pertaining to experimentation with the animals. Cell culture. MLECs were isolated from 4-week-old EC-Akt Tg mice by 2-step immunoselection with PECAM-1-and ICAM-2-conjugated magnetic beads as previously described (55) . Cells were cultivated and maintained in DMEM (Invitrogen Corp.) containing 20% FCS and endothelial growth factors. To suppress myrAkt expression, ECs were maintained in the presence of doxycycline (500 ng/ml). ECs of passage 2 or 3 were used for all experiments. To avoid heterogeneity of cell population among the groups tested, MLECs isolated from EC-Akt Tg mice were divided into 2 groups, either with or without myrAkt gene induction, and used for comparison. For myrAkt transgene induction, withdrawal of doxycycline from culture medium for 2 days was found to sufficiently induce maximal expression (data not shown).
Measurement of NO production. MLECs were divided into 2 groups, either with or without myrAkt transgene induction, and incubated for 2 days. Nitrite (NO2), the stable breakdown product of NO in aqueous solutions, was measured as previously described (56) . After serum starvation for 6 hours, medium was aspirated from culture dishes and replaced with 1 ml fresh serum-free DMEM. After 60 minutes, an aliquot was taken, and the NO2 level was measured using a Sievers NO analyzer (Analytix Ltd.) and compared with freshly made standards of NO2 in DMEM. Concentrations of NO2 were normalized with the intracellular protein amount in each dish and expressed as nanomoles per milligram.
Organ chamber experiments. The animals were euthanized by i.p. injection of pentobarbital and exsanguinated. Thoracic aorta was carefully dissected and cleaned of any perivascular tissue in cold Krebs solution of the following composition (mM): NaCl 121, KCl 4.7, NaHCO3 24.7, MgSO4 12.2, CaCl2 2.5, KH2PO4 1.2, and glucose 5.8. During the procedure, the Krebs solution was aerated with 95% O2 and 5% CO2. Isolated aortic rings (5 mm) were mounted vertically in organ chamber myographs that were filled with Krebs solution. Isometric tension was recorded using a force transducer as previously described (57, 58) . In order to evaluate the basal release of endothelial NO in EC-Akt Tg mice, contractile response to cumulative concentrations of l-NAME (10 -7 to 10 -4 M) was determined. The extents of contractions were normalized and expressed as percentage of the amplitude of precontractions elicited by saline containing 100 mM KCl.
Western blot analysis. MLECs were divided into 2 groups, either with or without myrAkt transgene induction, and incubated for 2 days. After serum deprivation for 6 hours, MLECs were lysed in cell lysis buffer con- taining proteinase inhibitors. In some cells, serum deprivation was done for 24 hours to induce apoptosis and cleaved caspase-3 expression. An equivalent amount of extracted protein (10-30 mg) was loaded for SDS-PAGE/immunoblot analysis. HA tag (Amersham Biosciences), total Akt (Cell Signaling Technology), phosphorylated Akt at Ser-473 (Cell Signaling Technology), total GSK-3α/β (Cell Signaling Technology), phosphorylated GSK-3α/β (Cell Signaling Technology), total eNOS (BD Biosciences), phosphorylated eNOS at Ser-1177 (Cell Signaling Technology), and cleaved caspase-3 (Cell Signaling Technology) were detected with each specific antibody. The regions containing the proteins were visualized using an ECL Western blotting luminol reagent (Amersham Biosciences) (56) .
Mouse carotid artery ligation model. Male EC-Akt Tg mice (6 weeks of age) and their control littermates (WT, single-Tg for tet-myrAkt, or EC-Akt Tg without gene induction) were used for experiments. For EC-Akt Tg mice, expression of myrAkt transgene was induced 3 days before surgery by removal of doxycycline from their drinking water. After anesthesia with ketamine (80 mg/kg) and xylazine (5 mg/kg) injected i.p., the left common carotid artery was exposed through a small midline incision in the neck. The artery was completely ligated with a 6-0 silk suture just proximal to the carotid bifurcation to disrupt blood flow (18) . In some WT mice, a similar procedure was performed but without ligation (sham operation). In separate groups of animals, l-NAME (1 mg/ml) was chronically given in the drinking water from 3 days before surgery. The animals were allowed to recover for 4 weeks. All animals recovered completely and showed no neurological deficits.
Morphometric analysis. Four weeks after carotid artery ligation, the animals were euthanized by i.p. injection of ketamine/xylazine. The left ventricle was cannulated and perfused with PBS containing heparin, and then perfused and fixed with 4% paraformaldehyde in PBS under physiological pressure. Then the left carotid artery was removed. After further incubation in 4% paraformaldehyde in PBS for 6 hours, the vascular segments were embedded in OCT compound and frozen. Five cryosections (6 mm thick) at 3-4 mm proximal to the ligation site were obtained in each animal. The 4 different areas (lumen, intima, media, and total vascular area) were measured in sections stained with H&E using analyzing software (NIH Image 1.62; http://rsb.info.nih.gov/nih-image/download. html) as previously described (18, 19) . In brief, the areas surrounded by the luminal surface, internal elastic lamina (IEL), and external elastic lamina (EEL) were determined. The intimal area was determined by subtraction of the luminal area from the area defined by the IEL, and the medial area was calculated by subtraction of the area defined by the IEL from the area defined by the EEL. A mean value among 5 sections in each animal was used for analysis.
Immunostaining. One week after ligation, the carotid artery segments were made into frozen cryosections (6 mm thick) as described above. The sections were stained with the indicated primary antibody overnight at room temperature. The presence of inflammatory cells was determined using an antibody against a common leukocyte antigen, CD45 (1:100 dilution; eBioscience). The expressions of ICAM-1 and VCAM-1 were evaluated using an anti-ICAM-1 antibody (1:50 dilution; Santa Cruz Biotechnology Inc.) and an anti-VCAM-1 antibody (1:100 dilution; Southern Biotechnology Associates Inc.), respectively. PCNA (PCNA staining kit; Zymed Laboratories Inc.) was used to detect proliferating cells in the vascular wall. Subsequently, the sections were incubated with biotinylated secondary antibodies for 60 minutes, and an avidin-biotin-immunoperoxidase system was used for detection. The vascular sections were counterstained with hematoxylin. A mean value of 4 sections per animal was used for analysis. For detection of cleaved caspase-3, sections were pretreated with 0.1% Triton X-100 for 10 minutes. An antibody against cleaved (activated) caspase-3 (1:200 dilution; Cell Signaling Technology) was used to detect apoptotic cells (23, 59) . Then the sections were incubated with a secondary antibody conjugated with FITC (1:200 dilution; Invitrogen Corp.). Thereafter, sections were double-stained with an anti-PECAM-1 antibody (1:200 dilution; BD Biosciences) followed by an Alexa Fluor 546-conjugated secondary antibody (1:200 dilution; Invitrogen Corp.) to visualize the endothelial layer. Using a fluorescence microscope, positively stained ECs were counted. A mean value of 4 sections per animal was used for analysis.
Immunocytochemistry for cleaved caspase-3. MLECs that originated from an EC-Akt Tg mouse were divided into 2 groups, either with or without myrAkt gene induction, and incubated for 2 days. To induce apoptosis, a serum deprivation method for 24 hours was used. Immunofluorescence staining was performed as described previously (60) . In brief, cells were fixed and permeabilized with 0.1% Triton X solution. Expression of cleaved caspase-3 was determined using a specific antibody (1:200 dilution; Cell Signaling Tech-
Figure 9
Vascular inflammation following carotid artery ligation. (A) Immunostaining of the vascular wall for leukocyte accumulation (CD45-positive cells), the expression of ICAM-1 and VCAM-1, and cellular proliferation in sham-operated, WT, and induced EC-Akt Tg mice after carotid artery ligation. Arrows indicate positively stained cells. Scale bar: 50 mm. (B) Quantification of cells that stained positively for CD45 antigen or PCNA. Results are expressed as mean ± SEM. n = 4 in each group. *P < 0.05 versus WT. nology) (23, 59) followed by a secondary antibody conjugated with FITC (1:200 dilution; Invitrogen Corp.). The HA-tag expression was also determined to confirm myrAkt transgene expression using an antibody (1:100 dilution; Amersham Biosciences) followed by an Alexa Fluor 546-labeled secondary antibody (1:200 dilution; Invitrogen Corp.). Cells were counterstained with Hoechst 33258 for detection of nuclei. Using a fluorescence microscope, cells expressing cleaved caspase-3 were counted.
In vivo TUNEL assay. One week after ligation, the carotid artery segments were made into frozen cryosections (6 mm thick) as described above. The sections were incubated in PBS containing 0.1% Triton X-100 for 10 minutes. Then TUNEL reactions were performed for 60 minutes at 37°C using In Situ Cell Death Detection Kit, Fluorescein (Roche Diagnostics Corp.), according to the manufacturer's instructions (22, 40) . Then sections were double-stained with an anti-PECAM-1 antibody (1:200 dilution; BD Biosciences) followed by an Alexa Fluor 546-conjugated secondary antibody (1:200 dilution) to visualize the EC layer. Using a fluorescence microscope, TUNEL-positive ECs were counted. A mean value of 4 sections per animal was used for analysis.
Vascular permeability assay. Vascular permeability in ligated carotid arteries was studied 1 week after ligation. After heparinization, animals were injected with 50 ml solution of 5% Evans blue dye 30 minutes before euthanasia (25, 61) . Arteries were perfused with PBS to remove residual blood and the Evans blue dye in the lumen. The arteries were then dissected and opened longitudinally and scanned. Stained area was quantified by NIH Image 1.62 (25) .
Statistics. Results were expressed as mean ± SEM. The data among groups were compared using either 1-way or 2-way ANOVA followed by Bonferroni's post hoc test for multiple comparisons. A P value less than 0.05 was considered to be statistically significant.
